ABSTRACT Control of the Chagas disease vector, Triatoma infestans, relies on the application of pyrethroid insecticides, especially deltamethrin. We performed laboratory studies to determine whether a T. infestans nymph that comes into contact with a deltamethrin-treated surface horizontally transfers the insecticide to subsequent triatomines. We found that a triatomine that walks on a deltamethrin-treated surface for a short period of time has the ability to transport the insecticide in concentrations sufÞcient to kill other triatomines with which it comes into contact. The effect was limited to high-density environments, and mortality as a result of secondary exposure was greater among second-instar nymphs compared with Þfth-instar nymphs. Our results suggest that deltamethrin could be killing triatomines through both direct and indirect contact, although it remains unclear whether the phenomenon occurs in natural conditions.
In Latin America, Ϸ100 million people are at risk for acquiring American trypanosomiasis (Chagas disease), and an estimated 8 Ð14 million people are currently infected (Ribeiro et al. 2009 ). A total of 10 Ð30% of these individuals will develop heart and digestive conditions, which are often fatal if not treated (Bern et al. 2007 ). Vector control for Chagas disease has relied heavily on indoor residual spraying of pyrethroid insecticides. Whereas insecticide application campaigns have successfully reduced the incidence of Chagas disease, the disease still accounts for the greatest burden, measured in disability adjusted life years, among all neglected tropical diseases in the Americas (Hotez et al. 2008) .
Horizontal transfer of insecticides can be very effective for the control of disease vectors and other unwanted insects, such as cockroaches, ants, mosquitoes, ßeas, and termites (Hackler et al. 1998) . Horizontal transfer of insecticide occurs when an individual insect is able to transfer insecticide back to its colony or nest, thereby exposing other insects (Buczkowski and Schal 2001) . One way insects are secondarily exposed to insecticides is through contact with feces or sputum of an insect that has fed on an insecticide-laced bait and carried it back to its colony. (Miller and Peters 1999, Wang et al. 2008) . Insecticide can also be horizontally transferred mechanically, as is the case of the mosquito larvicide pyriproxyfen (Itoh 1993 (Itoh , 1994 Dell Chism and Apperson 2003; Sihuincha et al. 2005; Devine et al. 2009 ).
Research shows that under ideal conditions, many species of triatomines will form large, dense colonies (Gajate et al. 2001 , WHO 2002b , Abad-Franch et al. 2005 . Triatomines typically emerge from their colonies at night to feed and return to the colony before dawn (Lorenzo and Lazzari 1998) . Their refuges are typically dark, conÞned, and narrow (Lazzari and Lorenzo 2009 ). Such behaviors make insecticides that work through secondary exposure a promising strategy to control triatomines (Lazzari and Lorenzo 2009) .
Among the triatomine species, Triatoma infestans is one of the most competent vectors of Trypanosoma cruzi (Cerisola et al. 1971 , Zeledon 1974 . Historically found in Bolivia, Brazil, Argentina, Peru, Chile, Uruguay, and Paraguay, the vector may have been responsible for as much as half of the Chagas disease cases reported worldwide (Panzera et al. 2004) . In this study, we assess whether a single T. infestans that is exposed to a deltamethrin-covered surface has the potential to transfer the insecticide to subsequent triatomines it contacts, decreasing their survival.
Arequipa Chagas Control Laboratory in Arequipa, Peru. Insects used in this study were raised in a large triatomine colony. Insects in the colony originated from Arequipa, Peru. The insects were a mix of subpopulations collected from across the city, all from areas that had not received insecticide treatment at the time of collection. Insects were kept under ambient temperatures (16 Ð24ЊC) and humidity (12Ð 47%) during the experiments.
Exposure of Triatomines to Insecticide. Deltamethrin-suspended concentrate from Bayer was diluted in water and applied, using a Hudson X-Pert compression sprayer, on a brick surface at a target dose rate of 25 mg/m 2 . The insecticide was allowed to dry for 24 h under ambient conditions. A second identical brick surface was left untreated. Eight Þfth-instar T. infestans nymphs were placed on the deltamethrin-treated brick surface. An additional eight Þfth-instar T. infestans nymphs were placed on the untreated brick. In each treatment group, four of the nymphs were allowed to walk on the brick surface for 10 min, and four of the nymphs for 60 min. A plastic ring, 10 cm in diameter and 3 cm high, was used to conÞne the triatomines to their respective brick surfaces.
Horizontal Transfer Experiments. To mimic highdensity colony conditions, 40 unexposed second-instar T. infestans nymphs were placed in four plastic cups (10 per cup). An additional 40 unexposed Þfth-instar T. infestans nymphs were placed in four separate plastic cups (10 per cup). All of the plastic cups were identical and measured 5 cm in height and 7 cm in diameter. To determine whether deltamethrin is horizontally transferred among individuals, two Þfth-instar nymphs exposed to the deltamethrin-treated brick surface for 60 min and two that were exposed for 10 min were randomly selected. One of the nymphs from each exposure time was placed in a plastic cup with 10 unexposed second-instar nymphs and one from each exposure time with 10 unexposed Þfth-instar nymphs. This same procedure was repeated for control conditions in which Þfth-instar nymphs were exposed to the untreated brick surface. The number of dead triatomines was noted daily for 18 d. Dead triatomines were not removed from the plastic cups. This procedure was repeated three times for each of the treatments.
A low-density colony was created by placing 10 insects in a plastic container measuring 30 ϫ 38 ϫ 53 cm (height ϫ length ϫ width). A large brick measuring 8 ϫ 13 ϫ 21 cm (height ϫ length ϫ width) was included in the container. Experiments were performed as described above for the high-density colonies. The experiments in low-density colony were only performed once.
Data Analysis. Fisher exact test was used to assess differences in the number of dead triatomines between the two treatment groups at the endpoint of the study (day 18). The numbers of insects killed were compared by stage, exposure time, and colony density, using a Student t test. A Kaplan-Meier survival function was used to determine the probability of survival, and a log-rank test was used to compare the probability of survival between groups. The difference in the probability of survival between the two treatment groups during the 18 d of observation was compared by stage, exposure time, and density. All analyses were completed using STATA Version 10.0 SE (StataCorp 2007). Table 1 shows the mortality of T. infestans secondarily exposed to deltamethrin at two exposure times, across high-and low-density settings. In high-density conditions, six of 30 (20%) secondarily exposed second-instar nymphs in the 10-min exposure group died as compared with zero in the control group (P Ͻ 0.03). Among second-instar nymphs in the 60-min exposure group, 10 of 30 (33%) secondarily exposed nymphs died, which was signiÞcantly more than one of 30 in the control group (P Ͻ 0.01). No excess mortality occurred among secondarily exposed Þfth-instar nymphs in the 10-min exposure group. However, 17 of 30 (57%) Þfth instars in the 60-min exposure group died as compared with zero in the control group (P Ͻ 0.01). In low-density conditions, no difference was observed between the mortality of the secondarily exposed insects and the controls, regardless of exposure time or life stage.
Results
Kaplan-Meier survival curves reveal a clear difference between experimental and control colonies in high-density conditions (Fig. 1) . The probability of survival of the second-instar nymphs that were secondarily exposed to deltamethrin in both the 10-and 60-min exposure groups was signiÞcantly lower than the probability of survival of insects in their control groups ( 2 ϭ 6.56, df ϭ 1, P Ͻ 0.01, and 2 ϭ 8.87, df ϭ 1, P Ͻ 0.01, respectively). Among the Þfth instars, only the 60-min exposure group experienced a signiÞcantly lower probability of survival than the unexposed comparison group ( 2 ϭ 23.99, df ϭ 1, P Ͻ 0.01). Although the probability of survival of second-instar nymphs in high-density conditions was not signiÞcantly different for those nymphs in the 10-and 60-min exposure groups ( 2 ϭ 1.03, df ϭ 1, P Ͻ 0.31), among Þfth-instar nymphs, the probability of survival was lower for nymphs in the 60-min exposure group as compared with the 10-min exposure group ( 2 ϭ 23.99, df ϭ 1, P Ͻ 0.01).
Discussion
This study demonstrates that a triatomine that walks on a deltamethrin-treated surface for short periods of time has the ability to transport the insecticide in concentrations sufÞcient to kill other triatomines with which it comes into contact. Both the stage of the secondarily exposed insect and the density conditions of the colony modify the secondary kill effect.
Our Þnding that second-instar triatomines succumbed more easily to secondary exposure to deltamethrin is probably the result of a simple dose effect. Older triatomines (adults and Þfth instars) have been previously shown to be much more resistant to the effects of insecticide, presumably because of their larger size relative to the insecticide dose ). We also observed that the duration of exposure had a larger effect on the survival of Þfth-instar recipient insects as opposed to the smaller second-instar recipient insects. Longer exposure times may have allowed for a greater amount of insecticide to accumulate on the exposed insects, and in some cases reach doses sufÞcient to kill the Þfth instars.
We observed secondary mortality only in high-density experimental colonies, where insects were forced to come into direct contact with each other. Densitydependent effects of horizontal transfer of insecticide have been demonstrated in other insects. Chloe and Rust (2008) demonstrated that when an exposed dead ant was placed in the nest, more ants picked up lethal doses of insecticide than they would if placed outside the nest. The authors attributed their Þndings to the crowding in the nest that led to higher contact rates with the exposed ant; a similar process may have occurred with triatomines in the high-density colonies presented in this work.
Certain aspects of T. infestans behavior are well documented, such as feeding, resting, and circadian rhythms (Lazzari and Lorenzo 2009 ). However, very little is known about how much contact T. infestans have with each other under natural conditions. Triatomine density and contact rates may be affected by the number and size of refuge sites in households (Cecere et al. 1998 (Cecere et al. , 2003 , as well as the number and species of hosts in the household (Cohen and Gurtler 2001 , Levy et al. 2006 , McGwire et al. 2006 . Additional research describing colony development, contact rates, the conditions in which contact occurs, and the frequency and duration of contact is needed to better evaluate the role of horizontal transfer of deltamethrin on T. infestans mortality.
Our study had a number of limitations. We used only Þfth-and second-instar nymphs; we could not assess the effect of secondary contact in adult insects, where it may be the most important. Our system was experimental and only very roughly mimicked the habitat of triatomines in households. We were also unable to discriminate between two possible modes of secondary killing of deltamethrin, as follows: through contact with the exoskeletons of other insects, or through contact with their feces.
Triatomine reinfestation after insecticide control campaigns continues to pose a challenge, particularly as triatomines are expanding their range to densely populated periurban and urban areas (AlbarracinVeizaga et al. 1999 , Vallve et al. 1999 , Gajate et al. 2001 , Carrasco et al. 2005 , Ramsey et al. 2005 , Zeledon et al. 2005 , Levy et al. 2006 , Bowman et al. 2008 . Return of the insect provides both justiÞcation and impetus to Þnd alternative methods to effectively control triatomines. Slow-acting, nonrepellent, or attractant insecticides that are designed to work through secondary exposure are ideally suited for social insects that forage regularly and return to a shared habitat, such as T. infestans and other species of triatomine bugs (AbadFranch et al. 2005) . A better understanding of triatomine colony dynamics and the mechanisms by which insecticide control works on colonies may facilitate the development of new control strategies that could work alongside community residual insecticide application.
